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ABSTRACT 

We reported that non-targeting siRNA (NT-siRNA) 
stress induces non-selenocysteine containing 
phospholipid hydroperoxide glutathione peroxidase 
(NPGPx) expression to cooperate with exoribo- 
nuclease XRN2 for releasing the stress [Wei,P.C, 
Lo,W.T., Su,M.L, Shew,J.Y. and Lee,W.H. (2011) 
Non-targeting siRNA induces NPGPx expression to 
cooperate with exoribonuclease XRN2 for releasing 
the stress. Nucleic Acids Res., 40, 323-332]. 
However, how NT-siRNA stress inducing NPGPx 
expression remains elusive. In this communication, 
we showed that the proximal promoter of NPGPx 
contained a mixed G-quadruplex (G4) structure, 
and disrupting the structure diminished NT-siRNA 
induced NPGPx promoter activity. We also demon- 
strated that nucleolin (NCL) specifically bonded to 
the G4-containing sequences to replace the origin- 
ally bound Sp1 at the NPGPx promoter on NT-siRNA 
stress. Consistently, overexpression of NCL further 
increased NPGPx promoter activity, whereas deple- 
tion of NCL desensitized NPGPx promoter to 
NT-siRNA stress. These results suggest that the 
c#s-element with mixed G4 structure at the NPGPx 
promoter plays an essential role for its transactiva- 
tion mediated by NCL to release cells from 
NT-siRNA stress. 



INTRODUCTION 

G-quadruplex, also called G4, is a DNA secondary struc- 
ture composed by four times of G 2 _4 repeats with nucleo- 
tides flanking within one strand of DNA (1). The G4 
structure is first described as a single-stranded DNA 
containing short G-rich motifs, which can self-associate 
at physiological salt concentration to make into four 
stranded fashion (2). G-rich DNA sequences like 
[d(T n G 4 )] 4 , which contains four repeats with four serial 
guanines flanked by thymidine, can be stabilized in the 
presence of monovalent cations, Na + and K + (3). G4 
has a variety of structures depending on either topology, 
length of flanking nucleotides or guanine repeating times 
(4). The G4 structure has been found in immunoglobulin 
switch region (5); virus genome (6); and promoters such as 
c-Myc (7), HIF-1 (8), VEGF (9), KRAS (10), BCL2 (11) 
and chromosome telomere (12). 

G4 topology can be generally classified into (i) parallel; 
(ii) anti-parallel; and (iii) mixed parallel/antiparallel 
according to the parallel status of each G column (13). 
Besides, the length of the side loop between the second 
and third G column is varied (from 2 to 26 flanking nu- 
cleotides), which may feature G4 with different side-chain 
conformation and flexibility (14). For example, the G4 in 
c-Myc promoter is parallel with six flanking nucleotides, 
whereas the G4 in hTERT promoter contains a 
26-nucleotide side chain (14). It has been demonstrated 
that the ds-element of G4 participates in gene regulation. 
For example, a G-rich 27-base-pair element, NHE 
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locating at —142 to —115 base pairs upstream of the 
c-Myc PI promoter contributes 80—90% of c-Myc tran- 
scription activity (15-18). A single G to A mutation of G4 
destabilizes the G4-forming structure and results in the 
induction of c-Myc expression (19). In contrast, treatment 
with TMPyP4, a cationic porphyrin of G4 binding agent, 
stabilizes the mix parallel/antiparallel G4 structure (20) 
and is able to suppress c-Myc transcriptional activity 
(19). Apparently, this ds-element modulates either tran- 
scription activation or repression of the c-Myc transcrip- 
tion depending on its specific G4 structure feature. 

It is known that G4-containing promoters recruit 
diverse transcription factors to regulate downstream 
gene expression. Nucleolin (NCL) is one of the key regu- 
lators for genes with G4 in promoters (21). NCL binds to 
the G4 in c-Myc promoter (21) and represses c-Myc ex- 
pression (7). In contrast, NCL also can be a transactivator 
to regulate VEGF expression (22). NCL-containing 
G4-binding complexes are critical for gene regulation. 
For example, treatment of PMA facilities NCL binding 
to c-Jun (23), whereas genotoxic stresses including 
ionizing radiation induce p53-NCL complex formation 
(24) and also RPA-NCL interaction (25). These observa- 
tions provide a plausible direction that stresses may 
activate G4-containing promoters through 
NCL-mediated transcriptional regulation. Previously, we 
have shown a novel non-targeting siRNA (NT-siRNA) 
stress, which induces NPGPx expression (26). NPGPx 
promoter is GC rich and may form a G4 structure. 
Furthermore, whether the induction of NPGPx expression 
by NT-siRNA stress is governed by a similar regulation is 
of interest to explore. 

In this communication, we showed that the NPGPx 
promoter contains a mixed G4 c/s-element, which is 
critical for NPGPx gene regulation. We further showed 
that NCL directly transactivated NPGPx expression 
through the mixed G4-containing promoter on NT- 
siRNA stress. Taken together with the previous results 
(26), it provides a plausible explanation of how NPGPx 
responses to NT-siRNA and releases the stress through 
activating endoribonuclease XRN2. 

MATERIALS AND METHODS 

Lentivirus production and infection 

ShRNA-carrying lentivirus production was performed as 
previous described (26). To deplete NCL, WI38 cells were 
infected with lentivirus containing shRNA against NCL 
and selected with 2 ug/ml puromycin for 6 days. shNCL 
clones were purchased from National RNAi Core Facility, 
Academia Sinica, Taiwan. 

DNA construction 

NPGPx promoter (—3658 to +23) was cloned in 
pGL3-basic vector (Promega) with Mlul and Xhol restric- 
tion enzyme. pGL3b-NPGPx-(— 2356 to +23) reporter 
was generated from pGL3b-NPGPx-(-3654 to +23) 
with Mlul and EcoRl to remove the distal promoter 
(—3658 to —2357) followed by Klenow fill-in procedure. 
pGL3b-NPGPx-(-1024 to +23) was generated using 



Pstl and Mlul to cut out distal promoters. The 
following NPGPx promoters [NPGPx-(-1546 to +14), 
(-1432 to +14), (-1333 to +14), (-1163 to +14), 
(-120 to +14) and (-60 to +14)] were amplified by poly- 
merase chain reaction (PCR) using primer pairs contain- 
ing either Xhol or Hindlll restriction sites on 5' ends. 
These promoter DNA fragments were cloned into 
pGL3-basic vectors followed by Xhol and Hindlll diges- 
tion to generate NPGPx reporters with different length. 
Mutated NPGPx promoters (with G/C to A/T substitu- 
tion, illustrated in Figure 3a) were synthesized containing 
5' Xhol and 3' Hindlll cutting sites, and then cloned into 
pGL3-basic following restriction enzyme digestion. The 
pEGFP-NCL construct was kindly provided by professor 
Joseph T. Tseng (Institute of Bioinformatics, National 
Cheng Kung University, Taiwan), and NCL expression 
construct pNuc-1, 2, 3, 4-RGG-C4 was from Professor 
Nancy Maizel (Department of Immunology, University 
of Washington). 

Western blot analysis 

Cells were lyzed using RIPA buffer (50 mM Tris-HCl 
pH = 7.4, 150mM NaCl, 2mM EDTA, 50 mM NaF, 
1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% 
SDS and 1 mM PMSF and 1 mM DTT) to extract 
protein, and following western blot analysis by using 
specific primary antibodies to probe NPGPx (GeneTex, 
GTX70266), GRP78 (BD, 610978), Spl (Santa Cruz, 
sc-59), c-Jun (GeneTex, GTX101135), NCL (Genetex, 
GTX13541) and oc-tubulin (GeneTex, GTX11302). 

RNA extraction, reverse transcription and quantitative 
real time PCR 

Total RNA was extracted using Trizol reagent (Invitrogen) 
followed by DNAse treatment (Invitrogen, 18068-015, 1 
unit DNAse/jig RNA), and the first strand of cDNA was 
reverse transcribed followed the manufacture's instruction 
(ABI, 4368814). NPGPx and S26 (as internal control) ex- 
pression level was determined using SYBR-Green based 
quantitative real time PCR systems. Primers for NPGPx 
are as follows: forward 5'-GCAGGAGCAGGACTTCTA 
CGACTTC-3' and reverse 5 -ACCGGTGACTGCAATC 
TTGCTAAAC3'; primers for S26 are as follows: forward 
5 / -CCGTGCCTCCAAGATGACAAAG-3 / and reverse 
S'-ACTCAGCTCCTTACATGGGCTT^). 

Reporter assay 

NPGPx reporters and firefly luciferase reporter (pRL-TK) 
were co-transfected into 293T or WI38 cells using 
Lipofetamine™ 2000 reagent (Invitrogen). Luciferase 
activities and firefly luciferase activities were measured 
48 h after transfection using Dual-Luciferase Reporter 
System (Promega). 

Electrophoresis mobility shift assay 

To generate biotynylated electrophoresis mobility shift 
assay (EMSA) probes, NPGPx promoter probe (—60 to 
+14) was amplified by PCR using pGL3b-NPGPx-(-3658 
to +23) as template, and then ligate the dUTP-biotin at 
3' end mediated by TdT ligation (PIERCE, 89818). 
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Nuclear extract from shLuc-transduced WI38 cells (27) 
was mixed with either biotinylated, unlabled probe 
(cold-probe) or bacteria vector fragments (pBSK) at 
37°C for 30min in the presence of K + (50 mM). The 
DNA-nuclear protein complex was then separated in to 
6% acrylamide (29:1) TBE gel and transferred to N-bond 
nylon membrane (PIERCE, 77016). Biotinyated probes 
were visualized using LightShift Chemiluminescent 
EMSA kit (PIERCE, 20148). 

Chromatin immunoprecipitation 

To assay the binding of transcription factors on NPGPx 
promoter, chromatin immunoprecipitation (ChIP) assay 
was performed following the protocol as previously 
described (28). In brief, 80% confluent cells were 
cross-linked by paraformaldehyde, lyzed in ChIP buffer 
(50 mM Tris-HCl pH = 7.9, 150mM NaCl, 5mM 
EDTA, 0.1% sodium-deoxycholate, 1% Triton-X-100, 
0.5% Nonidet P-40, 1 mM PMSF and protease inhibitor), 
and immunoprecipitated the transcription factors using 
specific primary antibodies against NCL (GeneTex, 
GTX13541 or GTX30908), Spl (Santa Cruz, sc-59) or 
rabbit pre-immunized IgG (lug/lmg lysate). The 
protein-DNA complex was reverse cross-linked, treated 
with proteinase K, and the DNA was eluted through 
chloroform/isopropanol filtration. PCR analysis was 
then applied to measure the amount of immunopre- 
cipitated NPGPx proximal promoter (—60 to +14 of 
NPGPx promoter) using primers against the NPGPx 
proximal promoter (forward from —108 bp and reverse 
from +37 bp of NPGPx promoter, illustrated in 
Figure 6a). Primer sequences: forward 5'-ACATCCACC 
GCCTGCGGAGGG-3' and reverse 5 ; -GGCTTGTTCC 
GGAGGTGGCGG C-3'. 

Recombinant protein purification 

To purify recombinant mannose-binding protein (MBP)- 
NCL, pNuc-l,2,3,4-RGG-C4 was transformed into BL21 
codon plus bacteria, and MBP-NCL was induced by 
0.5 mM IPTG at 16°C for 16 h. BL21 were pelleted and 
lyzed with lysis buffer (200 mM NaCl, 20 mM HEPES 
pH = 7.4, 1 mM EDTA, 1 mM DTT) at 4°C and lysate 
was clarified and incubated with amylase resin for 1 h. 
Resin was washed with buffer containing 1 M NaCl, 
20 mM HEPES pH = 7.4, 1 mM EDTA, 1 mM DTT and 
MBP-NCL fusion protein was eluted with elution buffer 
(lOmM maltose, 1M NaCl, 20mM HEPES pH = 7.4, 
ImM EDTA, 1 mM DTT). MBP was purified using 
similar protocol. MBP-NCL and MBP were dialyzed 
against the buffer with 20 mM HEPES pH = 7.5 and 
200 mM NaCl. 

Oligonucleotides preparation 

All oligonucleotides used in circular dichroism and NMR 
were purchased from BioBasic Inc. and used without 
further purification. DNA probes were resolved in 
solution containing lOmM Tris-HCl (pH 7.5) and 
supplied with 150mM KC1 if needed. Probes were 
heated to 95°C for 10 min, cooled slowly to room tem- 
perature and then stored overnight at 4°C before use. 



Circular dichroism 

The circular dichroism (CD) spectra were averaged 
10 scans on a J-815 spectropolarimeter (Jasco, Japan) 
with a 2-nm bandwidth at a 50-nm/min scan speed and 
a 0.2-nm step resolution. The CD spectra were measured 
under N 2 between 210 and 350 nm to ascertain the G4 
structures. DNA concentration used in CD analysis was 
1 uM. The DNA oligos were ordered from BioBasic Inc. 
(used in Figure 2) and Mission BioTech (Figure 3). 

Imino proton NMR 

Experiments were performed using 800 MHz Bruker 
spectrometers. *D NMR spectra were measured in H 2 0/ 
D 2 0 (90%/10%) using a jump and return sequence for 
solvent suppression. Strand concentration was 0.1 mM; 
the solution contained 10 mM Tris-HCl (pH 7.5) and 
150mM KC1, internal with reference DSS (Sodium 
4,4-Dimethyl-4-silapentane- 1 -sulfonate) . 

RESULTS 

Proximal NPGPx promoter contains a m-element 
responsible for NPGPx expression enhanced by 
NT-siRNA 

Upregulation of NPGPx transcript was found in human 
fibroblasts including WI38 and CAF-tert infected 
with lentivirus containing NT-shRNA such as shLuc 
(shRNA against Luciferase, Figure la and b), shRFP or 
shLacZ (26), suggesting the existence of a transcriptional 
regulation to modulate NPGPx expression. To investigate 
how NPGPx promoter responds to NT-siRNA stress, 
we used reporter assay to analyse NPGPx promoter 
activity by constructing a series of deletion mutants 
as illustrated in Figure lc. In cells expressing shRFP, 
the NPGPx promoter reporters had higher activities 
compared with those in lentiviral vector transduced 
(shEmpty) or parental cells (Mock) (Figure Id). 
The very proximal NPGPx promoter, which contains 74 
nucleotides from —60 to +14, retained the robustic activ- 
ity comparing with full-length or other shortened 
promoters (Figure Id). These results suggest the 
presence of a critical ds-regulatory element at this region 
responsible for NPGPx expression under NT-siRNA 
stress. 

NPGPx proximal promoter contains GC-rich sequences, 
and it is likely to form G4 structure 

The NPGPx proximal promoter is highly GC-rich (85% of 
GC) with four potential Spl binding sites on the forward 
strand (analysed using Transfec program and TESS 
online). The promoter also harbors G 3 _ 6 repeats on the 
backwards strand (Figure 2a), which is likely to form a G4 
structure (29). Na + /K + stabilizes G4 structure (1-3,30), 
which can be revealed by CD with a positive signal 
~265nm (31,32). To test whether NPGPx proximal 
promoter contains such G4 structure, we analysed the 
reverse strand of NPGPx proximal promoter 
(NPGPx-60, illustrated in Figure 2a) in the presence of 
K + by CD spectrum. As shown in Figure 2b, NPGPx-60 
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Figure 1. The proximal ds-element of NPGPx promoter is required for the induction of NPGPx expression in NT-siRNA-stressed cells, (a) Western 
blot analysis of NPGPx expression in WI38 or tert-immortalized human breast cancer associated fibroblast (CAF-tert) transduced with shRNA 
against red fluorescent protein (shRFP), or control vector (shEmpty). Antibodies against NPGPx or a-tubulin were used to probe the blot. Mock: 
parental cells, (b) Quantitative real time PCR using cells described in (a). NPGPx transcripts quantity was normalized to S26, and the relative 
NPGPx expression level was shown, (c) Schematic of NPGPx promoter constructs used in the reporter assay, (d) WI38 cells infected with lentiviruses 
carrying shRFP, shEmpty or uninfected (Mock) were transfected with NPGPx reporters described in (c) for luciferase activity assay. The luciferase 
activity of each reporter was compared with that of from the very proximal promoter-containing reporter (—60 to +14) in uninfected cells (mock). 
Each point was triplicated, and the experiments were repeated twice. 



had an absorbance pick at 265 nm in the presence of K , 
indicating that the NPGPx-60 contained a potential G4 
structure. Furthermore, the CD absorbance signal was 
mainly derived from NPGPx-32, which is composed of 
32-nucleotides containing four GGG repeats from the 
5' region of NPGPx-60. In contrast, such signal was not 
present at the NPGPx-25, which contains 25 nucleotides 
with GG repeats from the 3' region of NPGPx-60. The 
findings were further confirmed by NMR. When analysing 
the NPGPx-60 in the presence of K + by NMR, two indi- 
vidual peaks appeared (Figure 2c, bottom panel), suggest- 
ing two kinds of DNA secondary structures were found 
in NPGPx-60. NPGPx-25 contributed to the left-handed 
signal (13ppm), whereas NPGPx-32 contributed to the 
right-handed signal (Mlppm). The NMR signal of 
NPGPx-32 had Hoogsteen hydrogen bonding base 
pairing, which may feature a specialized DNA secondary 
structure, G4 (13). On the other hand, the signal detected 
in NPGPx-25 may derive from a double-stranded pairing 
structure because it contains five Watson-Click base pairs 
and two GG pairs with hydrogen bonds (Figure 2c and e), 
which may form a hairpin. When the potential hairpin 
forming DNA sequences were mutated, the hairpin 
signal was diminished from NMR (Supplementary 
Figure Sla and b). On the other hand, NPGPx-60 in the 
presence of K + (150mM) had higher Tm (Figure 2d), 
which was consistent with the presence of G4. 
Furthermore, the DMS footprinting analysis revealed 



that the G3-6 repeats of NPGPx-32 were protected in 
the presence of K + (Supplementary Figure Sic). These 
results together suggest that the anti-sense strand of 
NPGP proximal promoter contains a stable secondary 
structure composed of a G4 stack and a potential 3' hair- 
pin (Figure 2e), which may be critical for NPGPx expres- 
sion in NT-siRNA-stressed cells. 

The potential G4 structure is required for NPGPx 
upregulation on NT-siRNA stress 

To elucidate the potential functional and structural rela- 
tionship in NPGPx-60, we generated six individual 
NPGPx-60 mutants with GC to AT base substitutions 
(Table 1, and also illustrated in Figure 3a) at hairpin 
pairing site (A mutant), hairpin loop (B mutant), G4 
side-chain (E mutant) and G4 column (C, D, F mutant). 
CD analysis of these NPGPx-60 mutants in the presence 
of K + revealed that G4 existed in mutant B and E, but not 
in mutant C, D and F (Figure 3b). Similar results were 
also obtained from NMR analysis (Figure 3c), indicating 
the G-rich sequences of NPGPx-60 formed G4 structure 
in vitro. Hairpin loop in mutant A was unstable, and it 
formed inter-molecular A-T paring (Figure 3b and c, also 
see Supplementary Figure S2), resulting in an unstable G4 
structure. 

To address the biological activities of NPGPx promoter 
mutants, we measure the promoter activities by using 
Luciferase reporters in WI38 cells expressing NT-siRNA 
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Figure 2. NPGPx proximal promoter contains a G4 DNA structure, (a) Schematic NPGPx proximal promoter. NPGPx proximal promoter (—60 to 
— 1,) contains 4 putative Spl binding site on forward strand along with regular GG(G) repeats (G 2 repeats in NPGPx-25 and G 3 repeats in 
NPGPx-32) on reverse strand (named as NPGPx-60). (b) CD of 5uM NPGPx-25, NPGPx-32 and NPGPx-60 with 150mM K + (black line) or 
without K + (red line) at 25°C. In the presence of K + , an absorbance at 265 nm of NPGPx-60 and NPGPx-32 was detected, and the peak was not 
stabilized by the presence of K + in NPGPx-25. (c) [ H-NMR spectra of 0.1 mM NPGPx-25 (up), NPGPx-32 (middle) and NPGPx-60 (bottom) DNA 
in 150mM K + solution. NPGPx-25 has the hairpin with Watson-Click hydrogen bonding base pairing, whereas NPGPx-32 has Hoogsteen hydrogen 
bonding base pairing. NPGPx-60 contains both structural features, (d) CD 265 nm melting spectra of 5uM NPGPx-60 with 150mM K + (red line) 
and 5mM K + (black line), (e) Schematic the potential NPGPx-60 structure. The 3' end of NPGPx proximal backwards promoter contains a hairpin 
with Watson-Click hydrogen bonding base pairing following by a G4 structure detected in NPGPx-32. A long side chain may exist between the 
second and the third G columns in G4 structure. These experiments have been repeated three times. 



Table 1. WT and mutant NPGPx promoter sequences 



Name WT and mutant NPGPx promoter sequences (reverse, from 5' to 3') 



WT NPGPx 


CggggCg| 


im 


ggatctagcgcggggggcgggaggaggcggctctggcgccgctcggcccg 


Mutant A 


CggggCg| 


im 


ggatctagcgcggggggcgggaggaggcggctctggcgctctattattta 


Mutant B 


cggggcgi 


im 


ggatctagcgcggggggcgggaggaggcggctcatgcgccgctcggcccg 


Mutant C 


cggggcgi 


igg 


ggatctagcgcgactttgttttcgaggcggctctggcgccgctcggcccg 


Mutant D 


cggggcgi 


im 


ggatctagcgcggtttgcgggaggaggcggctctggcgccgctcggcccg 


Mutant E 


cggggcgi 




ggataatgcgcggggggcgggaggaggcggctctggcgccgctcggcccg 


Mutant F 


gtcaagaaaaggatctagcgcggggggcgggaggaggcggctctggcgccgctcggcccg 



The GC to AT substituted bases were underlined. 
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Figure 3. The G4-containing DNA structure is required for NPGPx transactivation. (a) Schematic NPGPx proximal backwards promoter and the 
designed mutants. DNA sequences of these mutants are showed in Table 1. These six mutants have bases substitution (GC to AT, labelled in black) 
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declines, (c) WT and mutant NPGPx promoters were analysed by NMR spectrum in the presence of 150mM K + . The spectrum of WT was either 
compared with Mutant A (upper), Mutant B and E (lower-left) or Mutant C, D, F (lower-right), respectively, (d) Schematic of WT and mutant 
NPGPx reporters. Grey boxed: GC to AT base substitution region, (e) Reporter activity assay: Each NPGPx reporter and TK-renilla reporter were 
co-transfected into shRFP-expression WI38 cells, and the luciferase activities were normalized to renilla activity. Reporter activities of mutants were 
compared with WT reporter activity. These experiments have been triplicate and repeated for three times. 



(Figure 3d). B and E mutant had comparable NPGPx 
reporter activity to WT reporter (Figure 3e), whereas 
mutant A, C, D and F lost the majority of promoter 
activity (Figure 3e). Taken together, these data suggest 
that hairpin-G4 structure in NPGPx proximal promoter 
is essential for NPGPx upregulation responding to 
NT-siRNA stress. 



NCL mediates NPGPx upregulation in NT-siRNA 
stressed cells 

NCL has been shown to bind to G4 structure to activate or 
repress gene expression (7,22). We then tested whether 
NCL has a role in regulating NPGPx expression. Ectopic 
overexpression of NCL enhanced NPGPx reporter activity 
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in NT-siRNA-stressed WI38 cells (Figure 4a, shRFP 
compared with control vector shEmpty alone). Without 
NT-siRNA stress, overexpressing NCL could not 
enhance NPGPx reporter activity (Figure 4c, left two 
bars). Consistently, increasing NT-siRNA stress 
enhanced NPGPx reporter activity in NCL-overexpressing 
cells, but not in NCL-depleted cells (Figure 4c). These 
results suggest that NCL positively regulates NPGPx in 
responding to NT-siRNA stress. 

Based on the above results, the c/s-element of 
NPGPx-60 appears to be crucial for NPGPx transactiva- 
tion (Figure 3). To test whether NCL is essential 
for NPGPx promoter transactivation, we measured the 
reporter activity of those mutants in cells expressing 
different amount of NCL. In NT-siRNA-stressed cells, 



overexpressing NCL enhanced the reporter activity of 
WT and mutant promoters B and E, but not mutants A, 
C, D and F (Figure 4e, left panel). Moreover, NPGPx 
promoter activities of each mutant were comparable 
with WT promoter in non-stressed cells (Figure 4e, right 
panel). Taken together, these results suggest that NCL 
responses to NT-siRNA stress to transactivate NPGPx 
promoter through its c/s-element with G4 structure. 

NCL binds to the hairpin-G4 structure of NPGPx 
proximal promoter 

To investigate whether NCL binds to NPGPx promoter, 
NPGPx proximal promoter was incubated with 
NT-siRNA stressed nuclear extract and then subjected 
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Figure 4. NCL facilitates NPGPx expression in NT-siRNA-stressed cells, (a) Reporter assay using WI38 cells transfected with NPGPx reporter, 
TK-renilla and pEGFP-NCL. Luciferase activity was normalized to renilla activity, and the relative luciferase activity was then compared with that 
of cells without pEGFP-NCL transfection. (b) Western blot analysis using cells in (a). EGFP-NCL: recombinant NCL with N-terminal EGFP tag. 
Endo-NCL: endogenous NCL. (c) Reporter assay using 293T cells transfected with NPGPx reporter, TK-renilla, NT-siRNA, pEGFP-NCL or 
shRNA against NCL (shNCL). Luciferase activity was normalized to renilla activity, and the relative luciferase activity was then compared with 
that of cells without pEGFP-NCL transfection. (d) Western blot analysis using cells from (c). (e) Reporter assay using 293T cells transfected with 
TK-renilla, NT-siRNA, pEGFP-NCL accompany with WT or mutant NPGPx reporters. Luciferase activity was normalized to renilla activity, and 
the relative luciferase activity was then compared to that of cells with NT-siRNA transfection. NCL protein was bloted, and the quantities were 
showed in below, a-tubulin: internal control. These experiments have been triplicate and repeated three times. 
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Figure 5. NCL binds to NPGPx proximal promoter in vitro, (a) EMSA experiment. Biotinylated NPGPx proximal promoter (Bio-probe) was 
incubated with nucleus extract from NT-siRNA-stressed cells. NPGPx probe-protein complex were separated in non-denature TBE-PAGE and 
visualized by anti-biotin Ab in EMSA. Cold-probe: non-biotinylated NPGPx promoter; pBSK: scramble unlabeled DNA fragment; aNCL: antibody 
against NCL; IgG: control mouse IgG. (b) EMSA experiment. Biotinylated NPGPx proximal promoter (Bio-probe) was incubated with purified 
recombinant MBP-tagged NCL (MBP-NCL), and DNA-NCL complex were probed after EMSA procedure. MBP: mannose-binding protein, (c) 
Competition EMSA experiment. Unlabelled NPGPx promoters, WT or mutants were compete with biotinylated NPGPx promoter for NCL binding 
in EMSA experiment. The upper shift was competed by WT, mutant A, B, E probe, whereas the lower complex could only removed by WT and 
mutant B probe competition. These experiments have been repeated for three times. 



to EMSA. Two major band-shifts containing NPGPx 
promoter were detected (Figure 5a). To test whether the 
DNA-protein complex contains NCL, we treated the 
mixture with anti-NCL antibody and detected these two 
bands were super-shifted (Figure 5a, right). Next, we 
tested whether NCL directly binds to NPGPx promoter 
in vitro by using purified recombinant NCL and 
biotinlylated NPGPx promoter DNA in EMSA experi- 
ment (Figure 5b). Similar band shifting patterns were 
observed, suggesting that NCL specifically binds to 
NPGPx proximal promoter. 

To further dissect the importance of each DNA second- 
ary structure (hairpin or G4) in terms of DNA-NCL 
interaction, we used unlabeled NPGPx mutant promoters 
(A-F) as competition probe in EMSA experiments. As 
shown in Figure 5c, the upper band was effectively 
competed out by WT, mutant A, B and E probes, 
whereas only unlabelled WT, B and E mutant probes 
could efficiently competed out the lower band. The 
mutant C, D and F probes failed to compete out with 



these two bands. These results suggest that NCL has 
dynamic preferences to bind to the mixed (stem 
loop-containing) G4 structure of NPGPx promoter. 

NCL replaces Spl to bind NPGPx proximal promoter 
on NT-siRNA stress 

To explore how NCL binds to NPGPx promoter in vivo, 
we performed ChIP assay with antibodies against NCL 
using NT-shRNA-stressed WI38 cells (illustrated in 
Figure 6a). As shown in Figure 6b, NCL is bound to 
NPGPx proximal promoter in NT-siRNA-stressed cells, 
but not in control cells. On the contrary, NPGPx 
promoter contains putative Spl -binding sites (illustrated 
in Figure 2a), and the ChIP assay revealed that Spl was 
released from NPGPx proximal promoter on NT-siRNA 
stress (Figure 6c). These results implicate that NCL was 
recruited to NPGPx promoter to replace Spl by binding 
to stem loop/G4 structure when cells were under 
NT-siRNA stress. 
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Figure 6. NCL binds to NPGPx proximal promoter in NT-siRNA-stressed cells, (a) Schematic of NPGPx genomic DNA region. Square boxes 
indicated the DNA region amplified by PCR in ChIP assay, (b) ChIP assay. WI38 cells transduced with shLuc or control vector (shEmpty) were used 
for ChIP assay with antibody against NCL. The proximal NPGPx promoter region (—108 to +14) was amplified by PCR following ChIP assay. PCR 
products amplified from far 7-kb upstream or 2-kb downstream of NPGPx were used as negative controls. Mouse IgG: negative control, (c) ChIP 
assay. Spl and its interacting DNA were pull downed from WI38 cells described in (b), and the NPGPx promoter DNA was quantitated by PCR. 
ChIP experiments are repeated for three times individually, (d) Proposed model of NPGPx transactivation in NT-siRNA-stressed cells. In normal 
condition, Spl maintains NPGPx expression in a basal level. When cells were suffered from NT-siRNA stress, NCL replaced the Spl binding on the 
positive strand of the hairpin-G4 sequences and transactivated NPGPx to release the accumulated NT-siRNAs. 



DISCUSSION 

A mixed type G4 structure may be present in NPGPx 
promoter 

In this communication, we provided evidence to support 
the possibility that NPGPx proximal promoter contains a 
mixed type of G4, which is required for NPGPx transac- 
tivation on NT-siRNA stress. When G was substituted 
into A/T in the predicted G columns (Mutant C, D, 
F in Figure 3b and c), the G4 structure was diminished 
from CD and NMR readout. The NMR spectrum result 
revealing a broad, instead of sharp, G4 signal at ppml 1 of 
NPGPx-32 (Figure 2c), which suggests NPGPx promoter 
may simultaneously contains dynamic G4 structures. 
As the G4 stack only requires four repeats of GGG, the 
dynamic forms of G4 may derive from different preference 
of G usage of the second and third G columns in which are 
5-6 series of G in a row. On the other hand, NMR spectra 
of NPGPx-25 showed a signal between 12 and 14ppm, 
but not in NPGPx-32, and it may represent an 
intra-molecular base pairing. The 12-14 ppm signal 
revealed by NMR spectrum represents Watson-Click 
pairing, which is not interfered by K + concentration, 
and one of the most possible structures made by single 
strand DNA is a hairpin. It was noticed that the G4 was 
destabilized when the hairpin structure was perturbed as 
seen in mutant A (Figure 3b and c). One possible explan- 
ation is that mutant A formed inter-molecular base paring 
in vitro (Supplementary Figure SI), which may interfere 
G4 formation and reduce either NMR or CD intensity 
of G4 readout. These data strongly suggest that a 



non-canonical G4 with hairpin in 3' end may be present 
at the NPGPx proximal promoter. 

NCL binds to the G4 structure of NPGPx proximal 
promoter to regulate its transcription 

Based on the analysis of the functional and structural re- 
lationship, NPGPx promoter mutants with compromised 
hairpin-G4 stability had diminished transactivation 
activity of NPGPx promoter on NT-siRNA stress 
(Figure 3). However, mutations occurred on the side 
chain or hairpin loop (mutant B and E, illustrated in 
Figure 2a) had little effect on the promoter activity. 
These results indicate the importance of the G4-hairpin 
structure for transcriptional regulation of the NPGPx 
promoter. Similar G4 with hairpin structure has been 
found in the promoter of VEGF (22). On the other 
hand, c-Myc contains several hairpin-free canonical G4 
structure with short side chain in its promoter, and 
those G4s are important for c-Myc repression (7). 
Although the precise mechanism is not available for ex- 
plaining the diverse activity of these two G4 structures, 
several intrinsic differences may contribute to these differ- 
ences; one is the relative location of the G4 to the tran- 
scriptional starting site. The mixed G4 located in the 
negative strand just following NPGPx transcription 
starting site, whereas the G4 in c-Myc promoter is rela- 
tively far away from the transcriptional starting site. It is 
likely that the binding of NCL to the mixed G4 may sta- 
bilize the reverse strand to maintain dsDNA opening puff 
and facilitate transcription from the positive strand of 
NPGPx coding sequences as described in the model 
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(Figure 6d), whereas the binding of NCL to the G4 in Myc 
promoter blocks transcription. The other possibility lies 
on the structural difference, which may provide distinct 
docking site for different set of NCL/transcriptional 
factors. As shown in Figure 5c, two different DNA- 
NCL complexes exist in EMSA. The upper band 
possibly contains G4-NCL complex, as this band can be 
compete by probe without hairpin structure (mutant A). 
The lower band may contain hairpin-G4-NCL complex, 
which cannot be competed out by mutants without either 
hairpin or G4 (Mutant A, C, D, F). The hairpin-G4-NCL 
complex appears to be more compact than the G4-NCL 
one, as it has a higher mobility in native gel, reflecting a 
different tertiary structure. These distinct bands may be 
reflected by diverse G4-structures for different transcrip- 
tional complex to bind. Alternatively, these two different 
bands seen in EMSA may contain different stoichiometry 
of DNA-NCL complexes. Although the latter possibility 
is not fully compatible with the results of Figure 5, the 
precise binding mechanism remains to be explored. On 
the other hand, NCL could also cooperate with other 
transcriptional factor(s) for binding to the G4 structure 
of NPGPx promoter. It was noted that NCL binds to 
c-Jun to transactivate downstream genes (23). However, 
our preliminary data showed that c-Jun was not recruited 
to NPGPx proximal promoter in NT-siRNA-stressed cells 
(Supplementary Figure S2), suggesting that NCL may 
have other co-transactivators. Thus, it will be of interest 
to pursue whether any other co-factor associated with 
NCL for binding to the mixed G4 structure of NPGPx 
promoter accounts for their distinct transcriptional 
regulations. 

How NCL responds to NT-siRNA stress to facilitate 
NPGPx transactivation? 

It has been reported that NCL was translocated from 
nucleolus to nucleoplasm in IR or UV-irradiated cells 
(24). Intriguingly, the translocation of NCL on IR stress 
coincided with its post-translational modifications, such 
as phosphorylation (25). Our preliminary data showed 
that the amount of phosphorylated NCL (p-NCL) was 
increased in NT-siRNA-stressed cells (Supplementary 
Figure S3a) and the p-NCL bound to the wild-type 
NPGPx proximal promoter (Supplementary Figure S3b 
and d), but not the G4 mutant (mutant D) (Supple- 
mentary Figure S3c), suggesting a correlation between 
NT-siRNA stress and NCL phosphorylation. Although 
the precise role of p-NCL in gene transcription remains 
obscure; one possibility is that the phosphorylated NCL 
can be shuttled from nucleolus to nucleoplasm and bind to 
its targeted structure such as mixed hairpin/G4 structure. 
The other is the p-NCL may recruit other transcription 
co-factors to bind to mixed hairpin/G4 structure, and 
these two possibilities are not mutual exclusive. 

We also observed that NCL may compete with Spl to 
bind to NPGPx proximal promoter (Figure 6) and 
transactivated NPGPx in NT-siRNA-stressed cells. This 
is consistent with the previous observation that the 
p-NCL competes with chromatin silencing complex 
REST to activate gene expression (21). Notably, the 



N- terminus of NCL enriches with Ser/Thr and can be 
phosphorylated by CKII (21) or PKC (33). Though the 
upstream kinases responsible for NCL phosphorylation 
remain to be explored, our evidences suggested that 
NCL is important for upregulation of NPGPx expression 
on NT-siRNA stress. 
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Supplementary Figures 1-4 and Supplementary Methods. 
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